The objective of this research was to determine the influence of dietary Se on various indicators of Se status and relative liver glutathione peroxidase 1 (GPx-1) messenger RNA (mRNA) levels in growing Holstein bull calves. Calves (n = 14, 7/diet) were started 28 d after birth on a Se-adequate (SeA) or Se-deficient diet (SeD) and maintained on the diet until 180 d of age. Blood samples were taken from each calf for determination of erythrocyte GPx-1 and plasma GPx-3 activities and plasma Se concentration on d 28 of age, every 28 d thereafter, and at 180 d of age. To assess liver Se and GPx-1 mRNA, 3 calves were first killed at d 21 of age for baseline (BSL) measurements, and 4 calves from each treatment were killed at trial conclusion. Feed intake and ADG were not affected (P = 0.62) by dietary Se concentrations. However, liver Se concentration was greater (P < 0.05) for BSL calves and SeA calves than SeD calves, but no difference (P = 0.68) was observed between BSL calves and SeA calves. Plasma Se was greater for SeA calves (P < 0.01) than for SeD calves by d 56 of age. The GPx-1 activity was greater in SeA calves (P < 0.01) by d 84 of age, whereas GPx-3 activity was greater in SeA calves, but not until d 180 of age (P < 0.01). There was a 50% decrease in GPx-1 mRNA for the SeD calves (P < 0.05) compared with SeA calves. Thus, relative GPx-1 mRNA transcript level is reflective of Se status in the bovine. Furthermore, 152 d on a semi-purified, SeD diet is adequate to create a Se deficiency in growing Holstein bull calves started on a SeD diet at 28 d of age.
INTRODUCTION
Selenium is considered to be an essential mineral for mammals (Schwarz and Foltz, 1957; Muth et al., 1958; Gu, 1983) . Primarily, the role of Se is in the active site of several catalytic enzymes including the Se-dependent family of glutathione peroxidases (GPx). Therefore, the element is a significant regulator of Se-dependent enzyme activity, especially that of erythrocyte glutathione peroxidase (GPx-1; EC 1.11.1.9; Sunde, 1997) . A decrease in GPx-1 activity and messenger RNA (mRNA) has been observed in mammals in vivo during Se deficiency (Saedi et al., 1988; Christensen and Burgener, 1992) . However, when comparing the Se regulation of GPx-1 mRNA with other selenoprotein mRNA, most researchers have reported that GPx-1 mRNA levels decrease considerably in Se deficiency, whereas the mRNA levels of most other selenoproteins are affected less dramatically (Hill et al., 1992; Lei et al., 1995; Weiss et al., 1997) .
Selenium status is an important indicator of oxidative status and therefore of health and disease susceptibility (Arthur et al., 2003) . Although numerous micronutrients, including Fe, Cu, Zn, and Se, have received considerable attention within the last decade (Failla, 2003) , it is research regarding Se and immunity that has shown some of the most promise to affect health, especially with regard to many livestock species. In addition, the role of Se status and the subsequent regulation of GPx mRNA and activity have generated considerable interest (Lei at al., 1995; Bermano et al., 1996; Weiss et al., 1996) . However, the utilization of semi-purified and purified diets for the purpose of inducing Se deficiency is often very costly, especially when feeding large animals. The objective of our study was to determine the minimal length of time required to induce Se deficiency in growing Holstein calves and to determine if traditional indicators of Se deficiency and GPx-1 mRNA transcript level would reflect the deficiency.
MATERIALS AND METHODS
The Louisiana State University Agricultural Center Animal Care and Use Committee approved all animal procedures.
The influence of dietary selenium on common indicators of selenium status and liver glutathione peroxidase-1 messenger ribonucleic acid
Male Holstein calves (n = 17), born between September and December, 2006, and with an average BW of 43.0 ± 4.3 kg, were purchased within 1 wk after birth from the Southeast Research Station, Franklinton, LA. Calves were housed individually at the Louisiana State University Agricultural Center Central Station, Baton Rouge, LA, in 3 × 4.8 m pens equipped with stainlesssteel bowl-waterers and rubber stall mats. Upon arrival, calves were administered 6 mL of florfenicol (NuFlor, Schering-Plough Animal Health Corp., Union, NJ) subcutaneously, and their navels were dipped in 7% iodine solution. Each calf was then randomly assigned to an individual pen. Calves were weighed upon arrival, at d 14 of age, and again every 14 d thereafter.
Calves were fed a commercially available milk replacer (NutraBlend, Neosho, MO) containing (DM basis) 0.3 mg/kg of Se, 20% protein, and 20% fat at 10% of birth weight twice daily; before feeding, milk replacer was reconstituted to 12.5% solids with lukewarm water. At 21 d of age, calves (n = 14) were assigned to a Se-deficient (SeD, n = 7) or Se-adequate (SeA, n = 7) starter diet. Three additional calves were killed for collection of baseline (BSL) liver samples. Until 28 d of age, calves received 50% of their diet as commercial milk replacer and the rest as their respective starter diet. Beginning at 28 d of age, calves were completely weaned to the starter phase of 1 of 2 diets: 1) Torula yeast basal diet balanced to contain no added Se (SeD; n = 7), 2) Torula yeast basal diet balanced to contain 0.1 to 0.45 mg/kg of Se as sodium selenite (SeA; n = 7).
Diets were formulated based on Reffett et al. (1988) and fed in 3 phases (Table 1) , and all calves remained on the initially assigned treatment diets until trial completion. Calves were limit fed approximately 1% of average BW twice daily (as fed), and feed intake was determined. Trial termination for each calf occurred upon reaching 180 d of age.
The analyzed Se concentrations of the SeD diets for phases 1, 2, and 3 were 0.06, 0.03, and 0.04 mg/kg, respectively. The analyzed Se concentrations of the SeA diets for phases 1, 2, and 3 were 0.14, 0.33, and 0.45 mg/kg, respectively.
Five milliliters of jugular blood was collected using heparinized tubes (BD Vacutainer Systems, Franklin Lakes, NJ) on d 28, every 28 d thereafter, and at 180 d of age. Blood was centrifuged (2,000 × g, 15 min, 4°C) to separate plasma from erythrocytes. After initial centrifugation, plasma was frozen (−80°C) in aliquots for determination of plasma GPx-3 activity and Se concentration. Red blood cells were washed and frozen (−80°C) for later laboratory analysis. Calves were euthanized using pentobarbital (1 mL/4.5 kg of BW −1 ) and immediately after slaughter, liver tissue was collected from calves at d 21 of age (n = 3) to obtain a BSL measurement for the group and from calves on each treatment (n = 4) at d 180 of age. Liver samples were excised, washed, and snap-frozen in liquid N and stored at −80°C until analyses were performed. Diets and tissues were analyzed for Se according to the fluorometric method (974.15) outlined by AOAC (2000), with an UV detector (Turner filter, fluorometer, model 112; Unipath, Mountain View, CA).
Cytosolic GPx-1 and plasma GPx-3 activities were determined using Glutathione Peroxidase Activity Assay Kits (Paglia and Valentine, 1967; Forstrom et al., 1978; Ursini et al., 1985; Cayman Chemical Corp, Ann Arbor, MI) and the ELx808 Absorbance Microplate Reader (BioTek Instruments Inc., Winooski, VT). Erythrocyte GPx-1 activities were expressed as enzyme units (EU) per gram of hemoglobin (Hb), whereas plasma GPx-3 activity was expressed as EU per gram of protein, where EU was equivalent to the amount of GPx activity required to oxidize 1 µmol of NAD phosphate (reduced)/min. Hemoglobin was measured using Quantichrom Hemoglobin Assay Kits (BioAssay Systems, Hayward, CA). Plasma protein concentrations were determined using the Quick Start Bradford Protein Assay Kit 1 (Bio-Rad Laboratories Inc., Hercules, CA).
Total mRNA was isolated from frozen liver tissue using the Dynabeads mRNA DIRECT Isolation Kit (Dynal Biotech Inc., Lake Success, NY). The cDNA was then synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc.). A no reverse transcriptase control reaction was also performed. Reverse transcription PCR was performed using an iCycler ThermalCycler (Bio-Rad Laboratories Inc.).
Primers for PCR amplification of GPx-1 cDNA were designed based on a published bovine nucleotide sequence (Mullenbach et al., 1988; GenBank Accession No. X13684, 828 nucleotides) using the Beacon Designer 4.0 software program (Premier Biosoft International). Primers for PCR amplification of poly-A polymerase cDNA were based on a published bovine nucleotide sequence (Raabe et al., 1991; GenBank Accession No. X63436, 3,431 nucleotides) . Primers (Table  2) were synthesized by Life Technologies (Invitrogen, Carlsbad, CA).
Based on previous work (Wrenzycki et al., 1998) , poly-A polymerase was chosen as an internal control gene for this experiment because its expression and abundance are unaffected by Se status (Lei et al., 1995) . The primers for this gene and GPx were validated by performing a PCR amplification using cDNA from the calibrator, which was cDNA combined from the liver tissue samples taken from the 3 BSL calves slaughtered at 21 d of age. Amplification was performed in the iCycler Thermalcycler (Bio-Rad Laboratories Inc.). Gel electrophoresis was then performed using a 2% agarose gel. A 100-bp ladder added to the same gel was used to confirm the size of the resulting amplicon for each gene of interest (Figure 1 ).
Real-time PCR was performed to measure the relative amount of GPx-1 and poly-A polymerase mRNA in each of the 11 liver samples. SYBR Green fluorescence was detected by the MyIQ Reverse Transcription PCR Detection System (Bio-Rad Laboratories Inc.). Data were used to calculate the quantity of mRNA based on the method for relative quantification in quantitative-PCR based on previous work by Pfaffl (2001) , in which quantities of mRNA are expressed as n-fold differences relative to a calibrator. The calibrator used for this experiment consisted of cDNA from the combined liver samples collected from three 21-d-old calves considered as BSL, killed before starting on the SeA or SeD diets.
Statistical analyses were performed on all data using the PROC MIXED procedure (SAS Inst. Inc., Cary, Figure 1 . Gel of bovine erythrocyte glutathione peroxidase-1 (GPx-1) cDNA in samples and individual baseline calves. The no reverse transcriptase controls are located in the lane to the right of each sample. The 100-bp ladder is in the first well, to the left of samples in all 3 gels, and confirms that the amplicon size from each samples calf was 204 bp, based on the selected primers for GPx-1 mRNA isolation.
NC) in a 1-way ANOVA. Time and treatment effects were considered fixed, whereas calf was considered a random effect. Response variables of interest were ADG, ADFI, liver tissue Se concentration, plasma Se concentration, erythrocyte GPx-1 and plasma GPx-3 activities, and GPx-1 mRNA transcript level. Calf was considered the experimental unit for all analyses, and significance was determined at the P < 0.05 level. Least squares means were separated using Fisher's LSD. Two SeA calves died from bloat, and all corresponding response variables were included until death. Deaths were considered to be random and not diet related. After death, remaining data were recorded as missing values. Calf ADG, ADFI, plasma Se concentration, and erythrocyte GPx-1 and plasma GPx-3 activities were considered to be repeated measures. Liver tissue Se concentration and GPx-1 mRNA transcript level were treated as a completely randomized design for ANOVA. Data are presented as least squares means ± SEM.
RESULTS AND DISCUSSION
Calves were considered healthy, and ADG was considered normal based on dairy NRC guidelines (NRC, 2001) . However, 2 SeA calves were lost to bloat. Supplemental Se inclusion had no effect on ADG (P = 0.62; Figure 2 ) or ADFI (P = 0.92; data not shown) at any time during the experiment. These results agree with previous research with swine, cattle, and poultry (Mahan and Parrett, 1996; Lawler et al., 2004; Payne and Southern, 2005) .
Liver Se concentrations for BSL and SeA calves were greater (P < 0.05) than for SeD calves, but liver Se concentration was not different (P = 0.69) between BSL and SeA calves (Figure 3) . Ammerman et al. (1980) reported that calves nursing beef cows fed a protein supplement consisting of soybean meal containing 0.08 mg/kg of Se and supplemented with 0, 0.1, or 0.2 mg/ kg of Se had liver Se concentrations (DM basis) of 0.31, 0.37, and 0.38 mg/kg, respectively. The liver Se concentration values reported for calves suckling cows supplemented with 0.1 or 0.2 mg/kg of Se are less than we observed; however, the author suggested that perhaps the liver Se concentrations of calves suckling Se-supplemented cows would have been considerably greater had the calves themselves been supplemented with oral Se directly. Hepatic Se concentrations are less than those reported by Ullrey et al. (1977) in growing steers that were fed for 13 wk a diet containing corn grown in South Dakota (a Se-normal soil) or Michigan (a Sedeficient soil), each of which was supplemented with 0.1 or 0.2 mg/kg of Se. Burk (1991) reported that organic forms of Se, contained primarily as selenomethionine in the protein fraction of plants, are more readily taken up by tissues such as muscle and the liver, which may explain the decreased liver Se concentrations observed in our study because our primary source of Se was the inorganic form, sodium selenite.
The liver Se concentration of SeA calves was, on average, almost 50% greater than that of SeD calves. This response is in agreement with the previous findings of Hostetler et al. (2006) , Mahan et al. (1999) , and Stowe and Herdt (1992) in which swine and cattle maintained on Se-deficient diets were shown to have significantly decreased concentrations of liver Se compared with animals fed a diet adequate in Se. However, the least squares mean liver Se concentration of SeA calves was less than the expected range noted by Stowe and Herdt (1992) , in which they report the normal liver Se concentration of all species, regardless of age, should be in the range of 1.2 to 2.0 mg/kg of Se on a DM basis. The liver Se concentrations in SeA and SeD calves were also less than values reported by Abdelrahman and Kincaid (1993) in which 42-d-old calves born to dams supplemented with Se via a Se bolus or not supplemented with Se had mean liver Se concentrations of 2.62 and 1.20 mg/kg of Se on a DM basis, respectively.
Plasma Se concentrations of SeA calves were significantly greater (P < 0.01, time × treatment) than those of SeD calves by d 56 of age (Figure 4) , and remained greater throughout the experiment. These findings are in agreement with those of Thompson et al. (1981) in which 4-to 5-mo-old calves were grazed on high or low Se-containing pastures after approximately 5 wk of grazing low Se-containing pastures only. Calves transferred to the high-Se pasture and grazed there for 6 mo had a significant increase in plasma Se concentration after 28 d grazing high Se pasture, compared with those that remained in the low Se pasture. Calves grazed on high Se pasture had a mean plasma Se concentration of 0.015 mg/kg of Se, whereas calves grazed continuously on low Se pasture had a mean plasma Se concentration of 0.005 mg/kg of Se. Furthermore, when the calves initially transferred to high Se pasture for 6 mo were returned to grazing low Se pasture, their mean plasma Se concentration decreased to less than 0.01 mg/kg of Se within 5 wk. In addition, 5 wk after being returned to low-Se pasture, the mean plasma Se concentration of these calves was not significantly different from calves that had been grazed continuously on low Se pasture for the 10-mo period.
Adequate serum Se concentration is generally considered to be between 0.05 and 0.08 mg/kg of Se for neonates and between 0.07 and 0.10 mg/kg of Se for adult cattle (Stowe and Herdt, 1992) . Ammerman et al. (1980) reported that calves nursing beef cows fed a protein supplement consisting of soybean meal containing 0.08 mg/kg of Se and supplemented with 0, 0.1, or 0.2 mg/kg of Se had mean plasma Se concentrations of 0.021, 0.022, 0.024 mg/kg of Se, respectively, after 3 mo. The plasma Se concentrations of calves nursing cows supplemented with Se at all levels are less than we observed by d 84 in our experiment, but as with the liver Se concentration of these calves, had the calves themselves been supplemented, their plasma Se concentrations may have also been greater and more reflective of dietary Se. Henry et al. (1988) reported that sheep fed a basal diet containing 0.18 mg/kg of Se and supplemented with 0 or 3 mg/kg of Se as sodium selenite for 10 d had a serum Se concentration of 0.09 ± 0.01 and 0.16 ± 0.01 mg/kg of Se, respectively, which were more like the concentrations we observed in our SeD and SeA calves, although the plasma Se concentrations of our calves during diet phase 3 were less than those reported for lambs consuming a similar dietary Se concentration. Likewise, Ullrey et al. (1977) reported that growing steers fed a diet containing corn grown in South Dakota or Michigan for 13 wk, each of which was supplemented with 0.1 or 0.2 mg/kg of Se, had plasma Se concentrations very similar to what we observed in our experiment for SeA and SeD calves.
Calves fed the basal diet supplemented with Se had greater erythrocyte GPx-1 activity by 84 d of age until trial termination (P < 0.01, time × treatment) when compared with SeD calves. At 84 d of age, this change represents approximately a 55% decrease in erythrocyte GPx-1 activity from those calves maintained on the SeA diet. By 180 d of age the erythrocyte GPx-1 activities of SeD calves represented a 79% decrease in GPx-1 activity from that of SeA calves ( Figure 5 ). The trend observed in erythrocyte GPx-1 activity occurred as previously reported in calves (Reffett et al., 1988) , with SeA calves maintaining a relatively constant erythrocyte GPx-1 activity, whereas that of the SeD calves decreased over time. The erythrocyte GPx-1 activity of both treatment groups in response to dietary Se concentration supports the previous research of Oh et al. (1976) , who reported that lambs maintained on a Se-deficient artificial milk diet had erythrocyte GPx-1 activity levels that were significantly decreased (P < 0.01) compared with those of lambs maintained on a diet supplemented with 0.1 mg/kg of Se. Likewise, Weiss et al. (1996) reported that female rats maintained on a Se-deficient basal diet containing 0.007 mg/kg of Se had an average erythrocyte GPx-1 activity that was only 40% of the activity observed in rats maintained on the basal diet supplemented with 0.1 mg/kg of Se as sodium selenite. Hidiroglou et al. (1987) reported that calves suckling grazing cows supplemented with Se via an intrarumenal glass bolus had greater (P < 0.01) erythrocyte GPx-1 activity than cows not supplemented, both at birth and for the duration of the 8-mo trial. At birth, calves born to Se-supplemented cows had a mean erythrocyte GPx-1 activity of 201 ± 6.49 EU/g of Hb, whereas calves born to cows not supplemented had a mean erythrocyte GPx-1 activity of 46 ± 6.5 EU/g of Hb. Six months after birth, calves born to Se-supplemented cows continued to have greater (P < 0.01) mean erythrocyte GPx-1 activity levels than calves born to cows not supplemented, with calves born to supplemented cows having a mean erythrocyte GPx-1 activity of 66 ± 3.11 EU/g of Hb and calves born to cows not supplemented having a mean erythrocyte GPx-1 activity of 28 ± 3.2 EU/g of Hb. Furthermore, Rowntree et al. (2004) reported that pregnant beef cows either not supplemented or supplemented with a 20 mg of Se drench had erythrocyte GPx-1 activity levels of 14.94 EU/g of Hb and 24.61 EU/g of Hb, respectively, although these activities were actually somewhat less than those reported in our research using neonatal Holstein calves.
Interestingly, plasma GPx-3 activity varied considerably between sampling times throughout the duration of the trial for both treatment groups, but a significant difference (P < 0.05, time × treatment) between treatments was not detected until 180 d of age (Figure 6 ). At this time a decrease of approximately 52% in GPx-3 activity from SeA calves was observed for SeD calves. These results differed from Thompson et al. (1981) , in which calves transferred to high Se-containing pasture after grazing low Se-containing pasture for 5 wk had a significant increase in GPx-3 activity only 25 d after transfer, compared with calves that continued to graze low Se-containing pasture. However, similar to our observations, after 6 mo, calves continuously grazing low Se-containing pastures had approximately a 75% decrease in GPx-3 activity from calves grazing high Se-containing pasture. In addition, plasma GPx-3 activity for both treatment groups was in agreement with GPx-3 activities previously reported by Rowntree et al. (2004) in beef cows, in which cows receiving no supplemental Se or a 20 mg of Se drench per day had an average GPx-3 activity of 0.92 and 1.34 EU/g of protein, respectively. Plasma GPx-3 activity is generally considered to be an indicator of short-term Se status, whereas GPx-1 activity is a long-term indicator (Gerloff, 1992) . Therefore, the considerable variation observed with respect to the trend in GPx-3 activity for both groups was expected because day-to-day feed intake may have played a role in affecting GPx-3 activity measurements. In addition, Oh et al. (1976) reported that unlike circulating plasma Se, erythrocytes contain a relatively constant proportion of total blood Se, which may explain the relative consistency in erythrocyte GPx-1 activity that we observed versus the considerable variation that occurred with respect to GPx-3 activity. It was surprising that, unlike erythrocyte GPx-1 activity, no detectable decrease in GPx-3 activity occurred before 180 d of age. Erythrocyte GPx-1 activity was not expected to differ significantly until calves were older, based on the 90 to 120 d whole body turnover of erythrocytes (Gerloff, 1992) ; likewise, GPx-3 activity was expected to decrease in SeD calves at an earlier time point than observed. This observation may be explained based on the feeding regimen implemented in this study; although calves were limit-fed with regard to the amount of ration they received at each feeding, they were not limited in the amount of time allowed to consume the ration. Not all calves were observed to eat at the same rate; it is possible that calves consuming the ration slowly throughout the day might have maintained greater, more consistent plasma Se concentrations and, therefore, greater GPx-3 activity levels if sampled shortly after consuming feed, affecting the overall trend in GPx-3 activity.
Relative liver GPx-1 mRNA transcript level on d 180 of age was greater (P < 0.05) for the SeA calves. On average, SeA calves had a relative mRNA level that was approximately 30% greater than the level of mRNA expression in BSL calves, whereas SeD calves had approximately a 45% decrease in average relative mRNA level compared with that of BSL calves (Figure 7 ). These observations are in agreement with previous research examining the effect of Se deficiency on relative liver GPx-1 transcript levels, although the extent to which the GPx-1 mRNA levels decreased varied among spe- cies. Weiss et al. (1996) reported that GPx-1 mRNA levels normalized to 18S ribosomal RNA of female rats fed a basal diet containing 0.007 mg/kg of Se were 17 ± 4% of those found in rats fed the basal diet supplemented with 0.1 mg/kg of Se. Lei et al. (1998) determined that liver GPx-1 mRNA levels of pigs fed a Sedeficient basal diet containing 0.03 mg/kg of Se were significantly less than that of pigs maintained on the basal diet supplemented with 0.1 or 0.3 mg/kg of Se as sodium selenite. However, these findings differ from Hostetler et al. (2006) , in which sows fed a Se-deficient diet containing 0.05 mg/kg of Se were not different in liver GPx-1 mRNA level when compared with that of sows consuming a diet containing 0.39 mg/kg of Se. To our knowledge this is the first report of the effect of Se deficiency on relative liver GPx-1 mRNA transcript levels in the bovine.
Based on our results and compared with those in the literature, the SeD calves in our study were Se-deficient, whereas calves on the SeA diet were adequate. When determining the extent of induced Se deficiency, it is important to take into account all or as many indicators of Se status as possible, especially given the unexpected results we observed with respect to GPx-3 vs. GPx-1 activity. Based on this study, 152 d on a semi-purified, Se-deficient diet seems to be adequate to induce severe Se deficiency in growing Holstein bull calves. In fact, considering the observed values for GPx-1 activity and plasma Se concentration (Figure 8 ), 84 d may be adequate time to ensure Se deficiency when feeding newly weaned calves for the purpose of studying the effects of Se deficiency in vivo. Like liver tissue Se concentration and GPx-1 activity, quantification of relative GPx-1 mRNA transcript level seems to be a reliable indicator of Se status in the bovine. Figure 8 . Effect of induced Se deficiency on least squares mean plasma Se concentration and erythrocyte glutathione peroxidase-1 (GPx-1) activity of Holstein steers. PSe-SeA refers to the plasma Se concentration for Se-adequate (SeA) calves, whereas PSe-SeD refers to the plasma Se concentration for Se-deficient (SeD) calves. GPx-SeA refers to the erythrocyte glutathione peroxidase-1 activity of SeA calves, whereas GPx-SeD refers to the erythrocyte GPx-1 activity of SeD calves. The GPx-1 activity is expressed as enzyme units (EU)/g of hemoglobin (Hb), where 1 EU is equivalent to the amount of GPx activity required to oxidize 1 µmol of NAD phosphate, reduced (NADPH) per 1 min.
